We have studied solar variations during the Holocene (i.e. last ~11,700 yr) by combining a new model of the Earth's dipole moment with 14 C data from the IntCal04 record and 10 Be data from the GRIP ice core. Joint spectral analysis of the two nuclide records suggests that the periodic behavior of the Sun was particularly pronounced between 6000-4500 yr BP and 3000-2000 yr BP, with dominating periodicities of ~88, ~150, ~220, and ~400 years, while this rhythmic behavior faded during other time intervals. The fact that the two reconstructions, based on radionuclides with distinct geochemical properties, agree with respect to both the frequency and timing of the periodic behavior, strongly suggests that they reflect the actual behavior of the Sun. Subtle but systematic differences between the amplitude spectra may point to an interplay between the climate system and the ~220-and ~400-year solar cycles during intervals when these were particularly prominent.
Introduction
A number of studies indicate that changes in solar activity influenced the Earth's climate system during the Holocene [Bond et al., 2001; Neff et al., 2001] .
Nevertheless, it remains difficult to establish the exact nature of the Sun-climate relationship, partly because of inherent difficulties in reconstructing past solar variability [Bard and Frank, 2006] . There are, for example, important discrepancies among some of the recently published solar activity reconstructions. Some studies find that although the recent solar activity is high, it is not exceptionally high with respect to the last 1000 years [Bard et al., 2000; Muscheler et al., 2007] . Other studies suggest that the solar activity during the last 60 years has been unusually high compared to the preceding 1000 years [Usoskin et al., 2003; and that it is unparalleled since 8000 years ago [Solanki et al., 2004] .
Information on past variations in solar activity prior to the historical and instrumental observations mainly relies on records of past production rates of cosmogenic radionuclides, such as 10 Be and 14 C. Cosmogenic radionuclides are produced in the Earth's atmosphere by the cascade of nuclear reactions induced by high-energy galactic cosmic ray (GCR) particles [Lal and Peters, 1967; Masarik and Beer, 1999] . The production rate of cosmogenic radionuclides is influenced by the variable solar activity and geomagnetic field intensity that modulate the incoming galactic cosmic ray flux. In theory, it is therefore relatively straightforward to determine the activity of the Sun in the distant past, provided variations in the production rates of cosmogenic radionuclides and the geomagnetic field intensity are well constrained . In practice, it remains problematic because changes in non-solar factors potentially influence the transport and deposition of cosmogenic radionuclides into their natural archives, which makes it difficult to unambiguously isolate the solar component [Beer et al., 2002] .
In the present study, we combine theoretical radionuclide production functions [Masarik and Beer, 1999] , and records of 14 C and 10 Be production rates, with a new model of the geomagnetic dipole moment [Knudsen et al., 2008] to reconstruct variations in the solar modulation (Φ) during the Holocene (see auxiliary material). A joint analysis involving two radionuclides with distinct geochemical properties ( 14 C and 10 Be) allows the distinction between actual changes in the production rate of cosmogenic nuclides caused by solar variations and changes in the deposition of the radionuclides into their archives.
Data and Methods
The record of 14 C production rate is based on tree-ring Δ
14
C data from the IntCal04 calibration curve [Reimer et al., 2004] . These data span the last ~12,000 years and have been published with a temporal resolution of 5 years during the Holocene. To correct for the redistribution of 14 C within the Earth system, a box-diffusion model was applied that takes into account the effects of the carbon cycle [Muscheler et al., 2005; . Unidentified changes in the carbon cycle and carbon-cycle uncertainties lead to uncertainties in the reconstructed 14 C production rate, but such changes are assumed to have been small during the Holocene. Due to the Suess effect, which arises from the combustion of fossil carbon with significantly reduced 14 C/ 12 C ratios [Suess, 1953] , we disregard the most recent 100 years (i.e. between AD1850 -AD1950) of the 14 C production curve.
The 10 Be production rates are based on 10 Be data from the GRIP ice core, which span the period between 304 and 9315 yr BP [Vonmoos et al., 2006] . The mean temporal resolution of the 10 Be record is about 5 years, but the data were linearly interpolated at identical 2-year intervals and subsequently filtered with a 61-point binomial filter [Vonmoos et al., 2006] . Results from a general circulation model indicate that variations in 10 Be production rates caused by changes in the Earth's magnetic field are dampened by ~20% in the 10 Be deposition signal in polar regions, whereas the effects of solar variability are enhanced by ~20% [Field et al., 2006] . The exact magnitude of this polar enhancement of the solar 10 Be signal is, however, uncertain [Heikkilä et al., 2008] . The latitudinal bias is a consequence of the incomplete atmospheric mixing of 10 Be combined with a latitude-dependent shielding effect of the Earth's magnetic field, which is maximum at low latitudes but negligible at the geomagnetic poles. In our reconstruction of the solar modulation, we take this latitudinal bias in 10 Be production into account and assume that the 20% correction can be applied to the entire Holocene.
While there is good agreement between short-term fluctuations in solar reconstructions based on 14 C and 10 Be during most of the Holocene, there are notable discrepancies between the long-term trends in the two reconstructions (Fig. 1a) .
These discrepancies, which were also observed by Vonmoos et al. [2006] , potentially reflect undetected changes in the carbon cycle [Muscheler et al., 2004] , long-term changes in the atmospheric transport and deposition of 10 Be, uncertainties in the 14 C and 10 Be production rate calculations, or a combination of any of the three. Given that it is currently uncertain whether the discrepancy is mainly caused by non-solar components in the 14 C or 10 Be solar reconstructions, it remains difficult to unambiguously constrain the long-term behavior of the Sun during the Holocene.
Furthermore, the uncertainties associated with paleomagnetic data sets increase as one goes further back in time and these uncertainties are translated into solar activity reconstructions . Given these uncertainties and the lack of a comprehensive physical understanding of the observed differences in the level of long-term solar activity, we detrend the two reconstructions of solar activity using a polynomial of degree 5 (Fig. 1a) . Removal of the long-term trends brings the two solar reconstructions into very good agreement (Fig. 1b) , strongly suggesting the remaining short-term fluctuations reflect solar variations, which is in accord with Vonmoos et al. [2006] and Usoskin et al. [2009] . The fact that the two detrended reconstructions appear to be slightly out of phase during some intervals most likely reflect differences in the underlying age models: The 14 C reconstruction (IntCal04 timescale) has an annual precision during the Holocene, whereas the 10 Be reconstruction relies on the relatively less precise ss09 timescale [Johnsen et al., 1997] 
Results and Discussion
Robust observations have been made from cosmogenic radionuclide data, establishing that certain periodicities dominate centennial-scale variations in solar activity [Damon and Sonnett, 1991] . Two of the most pronounced periodicities include the ~88-year Gleissberg cycle [Peristykh and Damon, 2003] , which may well be intrinsically related to features of the 11-year sunspot cycle, and the Suess cycle characterized by a periodicity of 208-212 years [Damon and Sonnett, 1991] . Spectral analysis of the available 14 C record indicates that a number of other periodicities may exist [Stuiver and Braziunas, 1989] , including a quasi-periodicity of 2200-2400 years [Damon and Sonnett, 1991] (the Hallstatt cycle). Some paleoclimate records from the North Atlantic region show evidence of a 1470-yr periodicity [Bond et al., 2001] , which possibly has a solar origin. A clear 1470-yr periodicity has not been observed in 14 C records, however, and it is more likely to arise from a superposition of considerably shorter solar cycles [Bond et al., 2001; Braun et al., 2005] . Analysis of 14 C records has demonstrated that these Holocene solar periodicities appear to be more pronounced during certain time intervals [Damon and Sonnett, 1991; Peristykh and Damon, 2003 ]. Here we extend these studies by analyzing the distribution of spectral power through time in the two solar reconstructions based on 14 C and 10 Be. The two reconstructions were re-sampled at 5-year identical intervals to enable a joint spectral analysis of the two curves, using the FFT method. The distribution of spectral power through time, based on a 2000-year sliding cosine window, is very similar for the 14 C ( Fig. 2a ) and 10 Be (Fig. 2b) reconstructions, agreeing on both the frequency and on the time intervals of most evident periodic behavior. Given this similarity, it is not surprising that the joint spectral analysis of 14 C and 10 Be yields a spectral pattern that mirrors that of the individual radionuclides (Fig. 2c) . The influence of potential nonproduction related components, such as climate variations, would most probably be different for the two radionuclides and would give rise to significantly different power spectra. The distinctly different geochemical properties of 14 C and 10 Be imply that the two radionuclides interact differently with the Earth's environment and follow different pathways into their natural archives. We argue that the excellent agreement between the power spectra indicates that the observed periodicities reflect production-related variations. The dominant periodicities observed in this study are ~88, ~150, ~220, ~400 years, which generally agrees with previous studies of 14 C records [Stuiver and Braziunas, 1989; 1993; Damon and Sonnett, 1991] . The combined power spectrum also suggests that periodicities longer than ~1000 years exist, in particular around 3000 and 7500 yr BP (Fig. 2c) , but, because the FFT approach used here is designed to localize the solar cycles in time, we cannot also discriminate reliably between solar cycles of ~1500 and ~2200 years (somewhat analogous to Heisenberg's uncertainty principle). The most likely cause for the periodicities <500 years is the varying Sun because geomagnetic field intensity variations would have been unrealistically large to cause similar high-frequency, large-amplitude changes in radionuclide production .
Most interestingly, both reconstructions indicate that the amplitudes of the solar periodicities varied significantly in time. The solar cycles were particularly prominent during the time intervals 6000-4500 yr BP and 3000-2000 yr BP, whereas this periodic behavior faded during other time intervals. The Gleissberg cycle, however, which was most prominent between 4000 and 6000 yr BP, was surprisingly vague from ~3500 yr BP onwards. Hence, although it remains complicated to reconstruct the long-term Holocene solar variability (Fig. 1 ), our analysis of spectral power through time robustly demonstrates that the behavior of the Sun did vary on these timescales.
The subtle differences that exist between the 14 C and 10 Be power spectra may provide some indications of a potential link between the solar periodicities and the climate system. To explore this hypothesis, we compare more closely the temporal variations in the 14 C and 10 Be amplitude spectra. The amplitude spectra for 14 C and 10 Be are quite similar during intervals characterized by relatively weak periodicities, but there are notable, systematic differences during the two intervals with pronounced periodicities (Fig. 3) . While the amplitudes associated with the shorter periodicities, such as the ~88-year Gleissberg cycle, are near-identical, the 14 C amplitudes are systematically larger than the 10 Be amplitudes for the ~220-and ~400-year cycles (see auxiliary figure 2 ). The fact that the amplitude spectra differ systematically for the longer solar cycles, when the periodic behavior is most prominent, may point towards processes involving the climate system responding to the longer solar cycles in a way that affected the transport and deposition of 14 C and 10 Be differently. One possible explanation is that the ocean responded to solar variations through subtle changes in the thermohaline deep water circulation, which, in turn, influenced the carbon cycle and the atmospheric Δ 14 C signal [Stuiver and Braziunas, 1993] . This could explain how the solar-mediated 220-and 400-year 14 C cycles were amplified by an ocean-feedback mechanism that did not influence the 10 Be signal. It is also conceivable that the solar cycles influenced the atmospheric circulation patterns and consequently the transport and deposition of 10 Be over
Greenland. This process could have affected the polar enhancement coefficient for 10 Be through time. It cannot be excluded, however, that incorrect calibration of the carbon cycle models could influence the 14 C-amplitude spectrum at the relevant wavelengths, e.g. by enhancing the longer-term periodicities. Nevertheless, in the light of the paleoevidence for a solar influence on climate, it seems possible that the ~220-and ~400-year solar cycles influenced the climate system in particular between 6000 and 4500 yr BP and between 3000 and 2000 yr BP, but it remains difficult to resolve whether it was the 14 C signal, the 10 Be signal, or both, that reflect the climate response. Interestingly, both these intervals coincide with periods of significant reorganization of the ocean and atmosphere circulation in the North Atlantic region [Kaplan and Wollfe, 2006; Seidenkrantz et al., 2007] . If such solar variations did influence the Holocene climate, we might expect to observe similar periodicities in paleoclimate proxy records during these exact time intervals when the periodic behavior of the Sun was particularly pronounced. during the Holocene based on 14 C data from IntCal04 [Reimer et al., 2004; Muscheler et al., 2005] (red) and
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Be data from the GRIP ice core [Vonmoos et al., 2006] (blue).
The solar reconstructions are calculated by combining theoretical production functions [Masarik and Beer, 1999] for 14 C and 10 Be with a new model of the Holocene geomagnetic dipole moment [Knudsen et al., 2008] . ( 
